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ABSTRACf 

The main part of this report is addressed to the groundwater flow modelling of the Mosfellssveit 
geothermal field. First, a simple lumped model of the field was made in order to match measured 
and calculated pressure response with the present production rates on a monthly basis from 1971 
to 1989. After calibration of the model, future water level changes with different monthly and 
yearly production rates were estimated in order to predict pressure response of the field until the 
year 2000. 

The second part consisted of making a distributed groundwater flow model of the field in order 
to determine the distribution of the main hydraulic parameters. 

The main problem in the behaviour of the field is the constant lowering of the water level due 
to high production. During exploitation of the field, no significant changes in temperature or 
chemical content have been observed. 
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1. INTRODUcnON 

The author of this work had the privilege to participate in the six months' training course of the 
UNU Geothermal Training Programme at the National Energy Authority in Reykjavik, Iceland 
in the summer of 1990. The programme started with a 5 week introductory course about all 
relevant geological aspects connected with geothermal energy. For the next 4 weeks, the author 
received specialized lectures and practical training in borebole geophysics and reservoir 
engineering. A field excursion and seminars were organized from to.07. to 18.07.1990. During our 
field trip we visited low and high temperature geothermal fields in southern and northern Iceland. 
Practical field work in well testing in the Reykir low temperature field and in the Krafla high 
temperature field took place for one week. The final 8 weeks of the training course concentrated 
on the theoretical basis of lumped and distributed groundwater flow and transport modelling with 
practical applications on the modelling of the Mosfellssveit geothermal field. 



7 

2. GENERAL FEATURES OF TIlE MOSFELLSSVEIT GEOTIIERMAL FIELD 

2.1 Locality 

The Mosfellssveit low temperature geothermal field is located in southwest Iceland, 15-20 km 
from the city of Reykjavik and has been the principal source of thermal water for the Reykjavik 
Municipal District Heating Service since 1944. The Mosfellssveit field is divided into two sub­
areas, Reykir to the south and ReykjahIid to the north. The distance between them is about 2-3 
km. The elevation of both fields is 4().8() m above mean sea level (amsl). The sub-areas are 
separated by the low mountains Helgafell, Aesustadafell and ReykjafeIl,which rise to an elevation 
of ZOO to 250 m amsl. 

2.2 Geology 

Geologically, the field is located on the western flank of the neo-volcanic zone in southwest 
Iceland between the extinct central volcanoes Kjalarnes and Stardalur, but closer to the 
southwestern margin of the Stardalur volcano (Figure 1). There are signs of ten glaciations in the 
volcanic succession. The rate of volcanic eruption was much higher in the central volcanoes than 
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FIGURE 1: Geological situation of the Mosfellssveit geothermal field (Palmason et al. 1978) 
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FIGURE 2: Simplified geological section of the wells in Reykir and Reykjahlid 



9 

parts of the volcanic .roDe in other parts of the volcanic zone of the time. This resulted in 
exceptionally thick accumulations of byaloclastites in the vicinity of the volcanoes during glacial 
periods (Fridleifsson, 1973). The age of the rocks is in the range of 2.8 to 1.8 m.y. Plio­
Pleistocene strata reaches to a depth of at least 2000 m. 

StratigraphicalIy, the cross-section through the area is characterized by sequences of subaeriallava 
flows intercalated by volcanic hyaloclastites and morainic horizons at intervals corresponding to 
glacial periods. Hyaloclastites are dominant to about 1000 m depth. Dykes are rare in the 
uppermost 1 ()()() m, but their number tends to increase with depth. The ratio of hyaloclastites to 
subaeriallavas in the strata is variable within the Mosfellssveit geothermal field; in 29 drillholes 
800 to 2043 m deep, the volume percentage of hyaloclastites ranges from 30 to 60%. Consider 
a 2 km deep hole with approximately 1000 m of lavas, 900 m of hyaloclastites, and 100 m of 
intrusions, but perhaps only 40 to 50 narrow contacts (aggregate thickness to the order of lOO m) 
between lavas and hyaloclastites. The chances of aquifers occurring in lavas alone are perhaps 
tenfold to those of contacts between the format ions. (Tomasson et al., 1975). 

Simplified lithological cross-sections of some typical profiles from the wells in Reykir and 
Reykjahlid geothermal fields are shown in Figure 2. Locations of the same wells are shown in 
Figure 3. 
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FIGURE 3: Location of the boreholes in Reyldr and Reykjahlid 
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2.3 Hydrogeology 

Aquifers are irregularly distributed through the geological section but are common at the contact 
between lava flows, hyaloclastites and dolerite intrusions. The average porosity of subgJacial 
volcanics is approximately twice that of subaeriallavas (Fridleifsson, 1975). 

The hyaloclastite ridges can he looked 00 as high-porosity channels separated by relatively low 
porosity lavas in the Quaternary strata. Table 1 shows the occurrence of aquifers in the different 
rock types in the first 29 drillholes in the area. From the table, it is obvious that if we have a 
higher number of contacts between lavas and hyaloclastites, there is a higher number of aquifers 
(Tomassoo et aI., 1975). 

TABLE 1: Occurrence of aquifers in different rock types of 29 drill holes (Tomasson et al., 
1975) 

Rock type Aquifers/circulation loss Total 
= 2 Vs 2-20 Vs > 20 Vs number 

Lavas 44 27 2 73 
Hyaloclastites • 29 12 4 45 
Dolerites 1 1 2 
Lavas and hyaloclastites • 53 38 20 111 
Lavas and dolerites 13 1 3 17 
Hyaloclastites· and dolerites 5 2 1 8 

• included in this group are reworked hyaloclastites and detrital beds 
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FIGURE 4: Resistivity map of Reykjavik and vicinity (Tomasson et aI., 1975) 
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FIGURE 8: Map of maximum temperatures in Mosfellssveit 
geolhermal field (Zhou Xi-Xiang, 1980) 

24 Geophysics 

The map with true resistivity at 900 m is shown in Figure 4 and the Bouguer anomalies gravity 
map in Figure 5. A general northeast-southwest structure can be seen in the low resistivity areas, 
which is in agreement with the trend of the hyaloclastite ridges. The old central volcanoes 
Kjalarnes and Stardalur are in the area of positive gravity anomalies which reflect the intensity 
of intrusions in the strata. The geological structure at the outskirts of the caJdcras makes it 
possible to have flow anisotropy direction along the boundaries. Geological mapping of the whole 
area reveals anisotropy in a north-northeasterly direction. 

The results of the geophysical measurements indicate that the neo-volcanic zone could act as a 
constant head boundary condition for the geothermal fields, and no-flow boundary conditions are 
reached by approaching the tighter tertiary formations (Kjaran, 1986). 
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2.5 Temperature 

The temperature measurements are taken from 39 wells in order to estimate the average 
temperature and the temperature distribution in the Reykir and Reykjahlid production fields 
(Zhou Xi-Xiang, 1980). The maximum temperature is usually between 200-1000 m depth. 
Deeper, the temperature decreases as depth increases. From the temperature curves which are 
shown in Figures 6 and 7, we can see a negative temperature gradient below 800-1000 m due to 
deep cold water recharge, mainly from the south-southwest The horizontal flow of the thermal 
water appears to be at the depth interval of200-tOOO rn, one part coming from the northwest, and 
the other from the southeast (Zhou Xi-Xiang, 1980). 

The average estimated temperature is 83°C for Reykir and 91°C for Reykjahlid. The 
measurements for estimation of the average temperatures taken from the wellhead during 
production are taken as average temperatures for current wells for the last 15 years (Reykjavik 
Municipal Heating Service, 1985). Figure 8 shows the distribution of the maximum temperatures 
in the Mosfellssveit geothermal field 

2.6 Production history 

Since 1944, the Mosfellssveit geothermal field has been the main source of thermal water 
supplying the Reykjavik heating service. Before 1933, the natural hot springs in the area 
discharged 120 Vs of thermal water by free flow. Until 1955, free flow was increased by 43 shallow 
wells at Reykir and 26 wells at Reykjahlid and reached a production of 360 Vs with a temperature 
of 86'C. Between 1970 and 1977, 37 wells, 800-2043 m deep, were drilled 22 and 34 cm in 
diameter. At the beginning of 1975, production from 20 pumped wells reached 851 lis with an 
average temperature of 83.5°C. Due to greater production, the water level from relatively steady­
state conditions with free flow declined by 2()"35 m and eliminated free flow from the area. In 
1989, the average production per year for the Mosfellssveit geothermal field was 1189 Vs, which 
gives 37.5 Gl. The production from Reykir field was 700 Vs, with an average temperature of 83°C 
From the Reykjahlid geothermaI field, the average production was 500 Vs with an average 
temperature of 91'C. If all the wells from both fields are in production, it is possible to yield 1799 
Vs (data from Reykavik District Heating Setvice). Figures 9, 10 and 11 show the production for 
each field, and the sum of the production for both fields from 1971 to 1989. Tables 2 - 4 show 
the same thing in numbers. 
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TABLE 2: Reykir, monthly production in rn3, 1971·1989 

year JAIl . fEB. MR. APR. MAY JUN. JUL. AUG. SEP. OCl. NOV. DEC. 

1971 o o o 292571 367174 261575 269234 129481 46ZS4 228968 410117 392957 2398331 

19n 538121 513834 549199 574743 418334 315755 4062J9 580498 6S8332 67'9098 720400 763750 6718303 
1973 909235 859193 816751 7'96217 155256 816109 710529 797094 772050 9107213 115S620 1387250 10722517 

1974 1465638 1l1ono 141S6100 1255700 1267750 12277S0 1060140 814680 899761 1248850 1380540 1840590 15187159 

1975 2034128 1857276 2015715 1921688 1611116 1209959 10]7997 1189130 1254894 1520121 181S827 2l89024 19856935 

1976 2579J80 2326899 242:4470 2l8O]19 2198191 1423827 1277950 1436369 1474174 1842696 2008009 2261082 Zl63J366 

19n 2036062 1741924 1917844 15093&4 1287626 1186876 967523 "06512 1531398 1346897 19111063 1746959 18297068 

1978 2118675 1772608 1589708 1393731 1713593 1711997 14]7529 1492325 18207532059352 1764554 173871620613541 

1979 1651083 1257555 1630968 1283292 1535690 1363502 1667830 1276049 1555118 1646512 1974875 2023381 18865855 
1980 1988535 1769875 1760173 1581000 1251180 646620 1393111 1217600 1101433 15294n 1632347 1745484 17616835 

1981 192992S 161S3910 1590400 1178418 116415n 1540200 15046.38 1623214 1329409 1570948 1n4691 1831959 1ean609 

1982 1995055 1646530 18(11470 1477236 130118'5 1234502 10928371336213 1821061 1602837 1858592 1M0867 19048385 

1983 1978487 1320076 1518787 1335418 1239355 1eoMle 1641343 1842648 1708906 1702&11 1478MO 1755543 19330832 

1984 204370l 1759400 1667552 1445984 1400575 1523231 160101' 1594207 14248.52 1r.en20 1160339 1418206 18546283 

1985 1680000 1410000 1640000 1540000 1510000 1650000 1600000 1130000 1080000 1210000 1660000 1910000 18020000 

1986 1900000 15l1OOOO 1650000 1330000 1260000 990000 620000 1580000 1670000 1800000 1760000 1950000 18090000 

1987 1nOOOO 1550000 1820000 1400000 1640000 1520000 1640000 1580000 1150000 1370000 1470000 1420000 18280000 

1988 22t3248 2064065 1731657 1885614 1400165 1169421 681234 749896 960231 1296448 1408551 1736815 1n97345 

1989 1999866 1990559 2052832 16944571703182 1154607 1092933 914540 1617582 1493679 1874541 1916178 19505157 

1971 1973 '975 1977 1979 1981 1983 1985 1987 1989 
1972 1974 1976 1978 1980 1982 1984 1986 1988 

FIGURE 9: Reykir, annual production in m3, 1971-1989 
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TABLE 3: Reykjahlid, monthly production in rn', 1971-1989 

ytar J"N . FEB. .... APR • . " JUN • JUL. 'UG. SEP. OCT. NO'I. DEC. M 

.. .. ... ....................... ............................ ..................... __ .............. ......... .... .. 
1974 0 0 0 9323 144520 139854 

'''' 14.1,514 129435 136222 124400 139800 139800 

1976 130282 105643 119982 "6"5 "9962 116115 

19n 7>8". 6744n 746743 788990 752260 4Z3470 

1978 1177950 1135390 1167360 12297'90 44662' 0 

1979 19Z9600 1665600 1716130 13ml0 965278 52 .... 

1980 1203140 1086410 "00050 980094 1035760 633Zn 
1981 1709440 1487050 1756210 1068940 664569 164791 

1982 1845550 1504680 1686030 844656 786560 538856 

1983 1643670 1698230 171932:0 1706920 993187 31492 

1984 1971460 1789740 1641290 1600900 11n690 39n61 
1985 1770000 1740000 1800000 1230000 370000 0 

1986 1870000 1420000 1760000 1460000 980000 920000 

1987 1610000 1500000 1750000 1580000 840000 0 

1988 2093480 1885400 1981951 1558191 1142539 858099 

1989 2025466 1912131 1897169 1595691 1640359 102n46 

25 ~ '''''''l1000''' L.!L.J 1IO.12.0711T 

201-------

151---

101---

5r---

144482 144479 139600 144800 139800 144796 11 51854 

\44480 139979 137470 120539 132314 134854 1623807 

"9982 119982 116185 88545 434871 513"" 2101290 

301210 183163 360733 853250 8142tlO 973147 7630422 

31210 0 .... 3 505261 984473 1332570 809n" 
17162 260653 824836 1018180 937607 1079730 12321350 

41423 185430 555212 1196760 1292120 1653820 10963491 

171804 1544n 175391 1164110 1636390 1923000 12076252 

818744 1041000 1418060 144221 0 1479190 1663~0 15069376 

302 302 111425 956444 1522040 156&860 11952192 

""'" 140348 893044 1348910 1795730 1804220 1467592:7 

0 neeoo 920000 1010000 1580000 1780000 12970000 

840000 180000 400000 1230000 1720000 1750000 14530000 

0 0 950000 1680000 1550000 1450000 12910000 

964410 1028481 '121412 1731136 1776360 1956937 111098396 

1196244 100n6O 996996 1461774 1591770 11158555 17913661 

1971 1973 1975 1977 1979 1981 1983 1985 1987 1989 
1972 1974 1976 1978 1980 1982 1984 1986 1988 

FIGURE 10: Reykjahlid, annual production in m', 1971-1989 
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TABLE 4: Mosfellssveit, monthly production in m', 1971-1989 

year JAN. FEB. MAR. APR. ,AY JUN. JUL. AUG. SEP. OCT. NOV. DEC. 

1971 0 0 0 292571 367174 Z61S75 269234 129481 46254 228968 410,,7 3929'57 2398331 

1972 538121 513834 549199 574743 "8334 315755 406239 580498 658332 679098 720400 763750 6718303 

1973 909235 859193 816751 796217 755256 816109 710529 797094 172050 947213 1155617 1387248 10722512 
1974 1465638 1310no 1415644 1265020 1412274 1367603 1204625 959160 1039561 1393646 1520339 1985383 16339613 
1975 2178643 198671' 21519982046088 1750916 1349759 "S2477 1329109 1392365 1640660 1948142 2523878 21480746 

1976 2709662 2432542 2544452 Z496434 2318173 1539942 1397932 15S63S1 1590359 1931242 2442880 2774689 25734658 

1977 2794842 2416401 2664588 2298374 2039886 1610346 1268733 1289675 1892131 2200147 2732263 2720107 25927493 
1978 3296627 2907998 2757069 2623523 2160221 17119971466739 1492325 19073972564614 2749027 3071284 28710821 
197'9358067'92923151 3347094 2661006 2500968 1892366 1684993 1536702 23799S5 2664689 2912482 3103115 31187200 
1980 3191670 2856284 2860218 2561095 2286941 1279902 1434535 1403030 1656646 2726234 2924471 3399301 28580327 
1981 3639363 3170962 3346610 2247361 2029446 1704991 1676443 1777711 1504801 2735055 3361084 3755039 30948866 
19823840605 3151210 3487500 2321892 208n46 1m359 1911582 23m14 3239123 3045043 3337786 3544704 3411776io 
1983 3622152 3018309 3238110 3042334 2232543 1840130 1641645 1842951 1820332 2659245 3000873 3324405 31283029 
1984 4015162 3549140 3308838 3046888 2573267 1920992 1720849 1734556 2317897 2836130 2956070 3242425 33222214 
1985 3450000 3150000 3440000 2770000 1880000 1650000 1600000 1900000 2000000 2220000 3240000 3690000 30990000 
1986 3770000 3000000 3410000 2790000 2240000 1910000 1460000 1760000 2070000 3030000 3480000 3700000 32620000 
1987333000030500003570000 2980000 2480000 1520000 1640000 1580000 2100000 3050000 3020000 2a70000 31190000 
1988 430672a 4023182 3n1330 3443805 2542704 2027520 1645644 17183n 2081643 3027584 3184911 3693752 35527179 

1989 4025331 3902690 3950001 3290148 3343741 2182353 19911n 1922301 2614578 2955453 3466311 3n4734 37418818 
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FIGURE 11: Mosfellssveit, annual production in m', 1971-1989 
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2.7 U tilizatioD 

The Reykjavik heating system serves a total population of about 120,000. The thermal water is 
taken from three geothermal fields: Laugames (330 lis, 127"Q and Ellidaar (218 lis, 93°Q which 
are in the city area, and Mosfellssveit (1200 Vs, 86°C) at 15-20 km distance. Due to the higher 
temperature of the water obtained in Reykjavik, its useful beat value is 47% that of the water 
from Mosfellssveit, although its volume is only 30% (Reykjavik District Heating Service, 1990) 
(Figure 12). 

The thennal water from Reykir and Reykjahlid geothennal fields is pumped to the storage tanks 
in Reykjavik through two parallcl14" and 28" steel pipes, laid into a concrete conduit 17 km long. 
From the storage tanks, water is pumped to the district pumping stations and then to consumers 
through either single or double pipe distribution systems. The water in the single pipeline is 
wasted after use, whereas the double pipeline returns the used fluid to the pumping stations 
where it is mixed with higher temperature water for reuse. The supply temperature provided to 
the consumer is about SOOc. 

In order to calculate the thermal power of The Mosfellssveit geothermal field, it was assumed that 
the average inlet temperature of the water is 86°C and the outlet temperature is 35°C, which gives 
the following thermal power. 

y;Q 

ELLlElAAR 
180 k<;l/s 96·C 

KOLLAFJORooR 
0/ ~ kQ I, 70·C 

MosfeJJssveit 

1200 kg/ s, 86°C 

o 

FIGURE 12: Location map of the Reykjavik low temperature fields 

... , 



Total mass flow is given by: 

Tm = m/vf 
T m - total mass (kg/s) 
m - mass flow (Vs) 
v, - specific volume (Vkg) 
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Total enthalpy for the inlet and outlet water is given by: 

TEj - total enthalpy of the inlet water 
TEo - total enthalpy of the outlet water 
E j - cnthalpy of inlet water with temperature of 86 QC 
Eo - enthalpy of outlet water with temperature of 35 QC 

(1) 

(2) 

(3) 

The thermal power [or the field, taking into account only the temperature range which can be 
used, is given by: 

(4) 

P, - Thermal power (MW) 

The calculated wed thermal power of The Mosfel1ssveit geothermal field is 372 MW. 
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3. LUMPED PARAMEIER MODEL 

3.1 General ovcrview 

Detailed numerical modelling of geothermal reservoirs is time consuming, costly, and requires 
large amounts of field data. Lumped parameter modelling is, in some cases, a cost effective 
alternative. A method has been developed that tackles simulation of pressure response data by 
lumped models as an inverse problem and, therefore, requires very little time. This Jumped 
modelling method has been used successfully to simulate data from several low temperature 
geothermal reservoirs in Iceland. The lumped simulators provide information on the global 
hydrological characteristics of the geothermal reservoir and have been used to predict future 
pressure changes (Gudni Axelsson, 1989). 

Lumped parameter models use two (or more) blocks to represent the entire system. One of the 
blocks represents the main reservoir or the productive area and the others act as recharge blocks. 
The governing equations for these models can often be reduced to ordinary differential equations 
that can be solved semi-analytically. Lumped parameter models are generally calibrated against 
the pressure history and average production from the field. After a historical match is obtained, 
the model is used to predict future water level with the present production rate. 

The main advantages of the lumped parameter models are their simplicity and the fact that they 
do not require the use of large computers. The disadvantages of the lumped parameters are that 
they do not consider fluid flow within the reservoir and neglect spatial variations in 
thermodynamic conditions and reservoir properties. They cannot match the average enthalpy and 
noncondensible gas content of the produced fluids because of the large gridblock size. They 
cannot simulate fronts, such as phase or thermal fronts, because of the coarse space discretization. 
They cannot consider questions of well spacing or injection well locations (Bodvarsson, 1987). 

3.2 Theoretical basis 

In order to simulate a pressure response of the MosCe1lssveit geothermal field, a simple lumped 
model with two reselVoirs or two blocks is used. A simplified sketch of the lumped model is shown 
in Figure 13, mainly to give physical meaning to the applied approach and equations used. 

The continuity of mass for two aquifers or two reservoirs could be expressed as follows: 

(6) 

The drawdowns for the aquifers are given by: 

(l) 
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surface area A 

FIGURE 13: Simplified lumped two reservoir model 

The parameters Yl and Y2 are defined as: 

This gives: 

eis, 
Q,-A,S'di"+(Y' +y,)s,-Yr, 

Aquitard 

upper aquifer 

Aquitard 

lower aquifer 

(7) 

(8) 



where: 

AI ; A, - surface areas of the aquifers (m') 
bl - thickness, upper aquifer (m) 

b, - thickness, lower aquifer (m) 

ho - constant potential (m) 

hI - potential, upper aqUifer (m) 

h, - potential, lower aquifer (m) 
m l - thickness, upper aquitard (m) 

ml - thickness, lower aquitard (m) 

KI - permeability, upper aquifQrd (m'ls) 

K, - permeability, lower aqiUl4rd (m 'Is) 

SI - drawdown, upper aquifer (m) 
S, - drawdown, lower aquifer (m) 

SI - storage coefficient, upper aquifer 
$2 - storage coeffiCient, lower aquifer 

QI - pumping rate, upper aqUifer (m'/Sl 

Q, - pumping rate, lower aquifer (m 'Is) 
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In order to solve Equations 7 and 8, the Laplace transform is used; then, equations for drawdowns 
in two reservoirs are obtained. 

The parameters 11 and 1.2 are defined by the following equations: 

Y, 
A,S, 

(9) 

(10) 

(11) 
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(12) 

If, for example only the lower aquaifer is producing. then: 

Q, = 0 ; Q, = constant = Q 

and the drawdown in the lower productive aquifer is given by: 

Q 1 [-,,~-.) -1,~-.ll' (y,+y,JQ 1 [1 -1,(H) 1 -"~-"I • --- --- e -e.Q+ -< --< , A"S, 1.,-1., A,S~,s, 1.,-1., A, A, 
(13) 

.,------+ -1 I-e -J+- ---- 1- l - e -, Q 1 (Y'+Y' ) ( -lA Q 1 ( Y'+Y,} -lA 
A"S,A,-A( A.S.A. A"S,A,- A, A.S.A, 

(14) 

(15) 

The coefficients Cl and ~ are given by: 

c __ 1 ___ 1_( Y.+Y, -1) 
• A"S, 1.,-1.. Al.A, 

(16) 

C __ 1 ___ 1_(1_ Y'+Y') 
, A"S, 1.,-1., A,S,A, 

(17) 

If we assume that t -+ 00 then, for steady-state conditions, the drawdown is given by: 

1 1 (18) 
" - -+-

Yl Y2 

The unit response function (URF) is given by: 

(19) 
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If the convolution approach with the superposition principle is used, then the drawdown in the 
lower aquifer is given by: 

• 
(20) 

Based on Equation 20, the computer program UNITR4 was made in order to simulate the 
pressure response of the field with present production rates, and to calculate the parameters 
which represent the behaviour of the reservoir. 

33 Results of the lumped parameter model 

It was mentioned previously that a two reservoir model was used to simulate the pressure 
response data from the Mosfellssveit geotherrnai field. Water is produced from one of them and 
the other acts as a recharge reservoir. 

This model is used mainly to simulate two different storage mechanisms. The storage coefficient, 
on one hand, might be controlled by liquid/formation compressibiIity, which is the case at the 
beginning of production; on the other hand, the storage coefficient might be controlled by the 
mobility of the free surface, which is the case in later production. At the same time the first 
reservoir could represent the vicinity of the well and short-term behaviour of the reservoir and 
the other could represent long-term behaviour and the recharge area. 

A great amount of data is available from the fields, for example water level measurements, 
temperature measurements and measurements of the chemical content. For the lumped model, 
only the water level measurements are used for the calibration of the calculated and measured 
water levels. 

Generally, if we take into account the whole reservoir, all measurements from the observation 
wells show approximately the same value, trend and fluctuations of the drawdown. The drawdown 
measurements for the fitting of the reservoir water level response are taken from the two 
observations wells, SR-15 and MG-28, mainly because of their continuity in observations for the 
last 20 years and the measured pressure response, which represents both fields if all measurements 
from observation wells are compared. The production rates are taken from 1971 to 1989 on a 
monthly basis in gigaliters (GI) and recalculated in Vs. 

After calibrating the model and fitting the calculated and measured water levels, the unit response 
function is calculated for a period of 30 years, from 1971 to 2000 (Figure 14). 

The unit response function gives the value for the specific yield of the field as 12 Vs/m. But by 
comparing the seasonal fluctuation in the amplitude for the pumping rate to the water level, a 
yield of up to 25 Vs/m is obtained. 

From the trend of the measured and calculated curve for the water level, it is quite obvious that 
with present production, no steady-state conditions can be reached until year 2000. So, the 
recharge in the system is much less than the production for the present drawdown. The measured 
and calculated water levels are shown in Figure 15. Calculated drawdown gives satisfactory fit with 
the measured drawdown. 
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FIGURE 14: Unit response function 

From the lumped model, the following parameters are obtained: 

1 1=1.9125 e-7 5.1 

12= 7.043 e-10 S·l 

C, =58.25 m 

C,=185.66 m 

3.4 Future prediction of the waler level 

l 

10000 

A calibrated lumped model is used to predict future pressure response of the reservoir with 
different production rates. Prediction of the reservoir future behavior was based on the 1989 
production year. The average production for the whole year was 1189 Us. During the winter 
months the production reached 1613 Vs in February, near to the maximum (1799 Vs) possible to 
produce from the wells. During the summer months production was between 700 and 800 Vs. Due 
to differences in the amount of pumped water during winter and summer, changes in the water 
level were between 25-30 m. 

[0 order to predict future pressure response of the reservoir, three different assumptions or future 
prediction cases are established. 
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FIGURE 15: Measured and calculated drawdown for the Mosfellssveit geothermal field 

3.4.1 Future prediction, case 1 

Future prediction for the next 10 years (until year 2000) for case 1 is based on the same monthly 
production rates as for year 1989 (Figure 16). The results of the model arc shown in Figure 17. 
The drawdown after a period of 10 years, will reach 135 m or -80 m (amsl), with no steady-state 
conditions. The lowering of the water level is approximately 3 m per year, with the same trend 
for the future. The difference between maximum and minimum water levels during the winter and 
summer months is 25-30 m, due to different production rates. 

3.42 Future prediction, case 2 

The monthly production rates for future prediction case 2 are shown in Figure 18. The same 
production rates are used as in the previous model for the winter months but only half of the 
production rates for the summer months. The drawdown after to years will reach 125 m. with a 
lowering rate of approximately 2.5 m per year (Figure 19). The difference between the maximum 
and minimum water level is 40 m. The greater difference between the maximum and minimum 
water level, compared to the previous model, is due to lower production during the summer 
months. 
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FIGURE 16: Mosfellssveit - monthly production 1989 in 103 x m3 
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3.43 Future prediction, case 3 

Future prediction for case 3 is made in order to estimate the future pressure response of the 
reservoir with different production rates for the next 10 years. The calculations are made with 
nine different production rates in the range between 400 and 1300 Vs. For the previous 
assumption, calculated water level has an average value and fluctuations are neglected. Table 5 
shmvs the results of the calculations. The drawdown of 94.72 m in year 1989 was a beginning 
value for the calculatiolU of the future water levels for the next 10 years. 

All calculated curves with greater production than 500 Vs, show a lowering of the water level. The 
calculated drawdown in the reservoir after 10 years will be between 42.34 m for the production 
of 400 I/s, and 131.01 m for the production of 1300 I/s (Figure 20). The obtained drawdowns have 
average values, and greater drawdowns could be expected during peaks in production. Relatively 
pseudo steady-state conditions or equilibrium between production and induced recharge with 
present drawdown could be reached with a production rate of 500 Vs and drawdown of 52 m. 

TABLE 5: Calculated drawdowns with different annual production rates for next 10 years 

._ --_._-- ------ ----------- ------ -------------- ------------_ ._------------------_ .. _---- ------------ --- ----
year 1989 1990 1991 1992 199' 1994 1995 199' 1997 1998 1999 2000 

------ ------------------------------------------_._--- .. _----------------------_ .. _ .. _----- ---------- -----
.PROO.(l/s) ORA WOO W N ,m, 
----------------------- ------ -_. _-- ------------------------- ------------------------- ----------------_ ._ --

400 94_72 45_46 45.01 44_69 44.37 44.06 43.76 43_46 43.17 42.89 42_61 42.34 

500 94.72 51.68 51.64 51.71 51.n 51.84 51.90 51.96 52.02 52.OS 52.14 52.19 

600 94.72 57.90 58.27 58.73 59.18 59.62 60.04 60.46 60.87 61.27 61.66 62.05 

700 94.n 64.11 64.90 65.75 66.58 67 .39 68.19 68 . 96 69 .n 70.46 71.19 71.90 

.. 0 94.n 70.33 71.54 n." 73.99 75.17 76.:n 77.46 78.57 79.65 80.71 81.75 

900 94.n 76.55 78.17 19." 81 . 39 " .95 84.47 85.96 87.42 ".84 90.24 91.60 

1000 94.n 82.77 84." ".S2 ".SO 90.73 92.61 94.46 96.27 98.03 99.76 101.45 

1100 94.72 " .99 91.43 93.85 96.20 98.50 100. 75 102.96 105.12 107.22 109. 29 111.31 

1189 94.n 94.52 97.33 100.10 102.79 105 .42 1OS.DO 110.53 "2.99 115.40 117. 76 120.07 

1300 94.n 101.43 104 .69 107.89 '".01 114.06 117.04 119.96 122.82 125 .61 128.33 131.01 

---_ ... __ ._- --- -------_.----_._ -_. __ .. _--- -_._---------------_._--- --_ .... _------------_ ...... _. _---.. _._. 
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4. DISTRIBUTED PARAMEIER MODEL 

4.1 General overview 

Distributed parameter models arc very general models that can be used to simulate reservoirs with 
rew (equivalent to lumped parameter models) or many (> 100 to 10(0) gridblocks. They can be 
used to simulate the entire geothermal system including reservoir, caprock, bedrock, shallow cold 
aquifers, recharge wnes, etc. They allow for spatial variations in rock properties and 
thermodynamic conditions. 

The principal advantage of the distributed parameter models is that they have all the mathematics 
built into a computer code and allow the user to decide how detailed (number of grid blocks) the 
simulation should be and what physical processes should be considered. Disadvantages of the 
distributed parameter models are the need for a large computer and an experienced modeller 
(Bodvarsson, 1987). 

4.2 Theoretical basis wilb emphasis on Ibe AQUA programme 

The AQUA programme was used in order to make a distributed parameter model of the 
Mosfellssveit geothermal field. AQUA is a computer programme developed by Vatnaskil 
Consulting Engineers (1989) to solve groundwater flow, mass and heat transport equations using 
the Galcrkin finite element method. 

AQUA can be used on a IBM PC or compatible computers and requires the following hardware: 

IBM PCrxT/AT or compatible 
640K memory 
EGA graphics card and display 
Hard disk 

The following differential equation forms the basis for establishing the mathematical model which 
can be then solved by AQUA: 

a ~ + b ~ + ~ (t ~) + fu + g - 0 
at I ox ox IJ ox , , J 

The model is two dimensional, and indices i and j indicate the x and y coordinate axes. 

4.21 How model 

For the transient groundwater flow, Equation 21 is reduced to: 

au a au 
a - - (e - ) + fu + g - 0 

at ox 'J ox , J 

(21) 

(22) 
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For unconfined groundwater flow, Dupuit approximation and fully penetrating wells are assumed. 
The parameters in Equation 22 arc defined as: 

etJ - ItJ 

/-0 
g-Q+R 
a - - S 

Using x and y instead of the indices in Equation 22, the unconfined groundwater transient flow 
is defined as: 

a oh 0 oh oh 
- (Tu - + - (T -) + R + Q - S­
ax ox ay 11 ay at 

where: 

h - groundwater head (m) 
Tn - transmissivity along x- axis (m',s) 

T" - transimissivity along 'y-axis (m',s) 
R - infiltration (m/year) 
Q - pumping/injection rau (m',s) 
S - storage coefficient 

For confined groundwater flow, the parameters in the Equation 22 arc defined as: 

u - h 
e'J - TIJ 
/-0 

g - Q + (!) h. 

a - -S 

which gives the following equation for confined groundwater flow: 

o ( 0) 0 ( ox) k oh - T - +- T - +-(h - h)+Q-S-
O'X l:l"ox ay "ay m 0 at 

(23) 

(24) 

The ratio k/m defines the leakage coefficient where k is the permeability of the semi~permeable 
layer and m its thickness. 

Two boundary conditions are used: 
1. Dirichlet boundary conditions 
2. Van Neumann boundary conditions 

In the Dirichlet boundary conditions the groundwater level, the piezometric head or the potential 
function is prescribed at the boundary. In the van Neumann boundary condition the flow at the 
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boundary is prescribed. Given flow at the boundary can be modelled by putting sources (pumping) 
at the no· flow boundary nodes. 

4.22 Mass transport model 

The AQUA programme is able to solve transient transport of mass by wing the properly defined 
parameters in Equation 21. Parameters are defined as follows: 

u-c 
a - 4>bR. 
b, - VI> 
e" - 4>bDy 
f- 4>bR). + Y+ Q 
g - -Yco-Qcw 

By using x and y instead of the indices in Equation 21, the equation for transient transport of 
mass is given by: 

-4>bD- +-4>bD - -ub--vb-o ( oc) 0 ( oc) oc oc 
ax ]a ox oy Y1 oy ox oy 

oc 
-4>bR.-t + 4>bR).c - (co - c)f - qc. - c) 

o 

(25) 

The above equation applies to a local coordinate system within each element having the main axis 
along the flow direction. The dispersion coefficients DXX' Dyy are defined by: 

The retardation coefficient Rd is given by: 

where: 

aL - li:mgitudinal dispersivity (m) 

aT - transversal dispersivity (m) 
c - solute concentration (kg/m') 
Co - concentration of vertical inflow (kg/m') 

Cw - concentration of injected water (kg/m 3) 

ho - potential, upper aquifer (m) 

(26) 

(27) 

(28) 

(29) 



Kd - distributWn co.ffic~nt 

D. - mokcular diffusivity (m'/s) 
V - velocity (mfs) 
1. - exponential decay constant (S-I) 

PI - density of IM Uquid (kg/m') 

p. - density of the porous m<dia (kg/m') 
p 1 - retardatWn coefficient 
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Y - R (il!filJration rate): unconftned IwrizollUll aquifer 

Y - (£)(ho): confined Iwrizontal aqUifer 
m h 

4.23 Heat transport model 

Using the same base Equation 21, AQUA can solve single phase heat transport problems by 
proper selection of the parameters. They are defined as follows: 

u-T 
a - 4>bR. 
B, - VI> 
tlJ - -bK'J 
f - Y+Q 
g - - 170 - QT,., 

By using x and y instead of the indices in Equations 21, the equation for single phase heat 
transport is given by: 

o ( OT) 0 ( OT) oT oT -bK- +-bK- -ub--vb--
ox "" ox ay Y1 ay ox ay 

oT ",bR - - (7: - 1)Y - (T - 1)Q 
11 ot 0 ... 

(30) 

The above equation applies to a local coordinate system within each element having the main axis 
along the flow direction. The heat dispersion coefficients are given by: 

(31) 

(32) 

The heat retardation coefficient Rh is given by: 

(33) 



C, 
P - -, C 

I 

where: 

T - temperature (0C) 
• - porosity 
To - temperature: v<rtical inflow (0C) 
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C, - sp<cific heat capacity 0/ "" liquid (U/kg) 
C, - sp<cific heat capacity 0/ "" porous media (U/kg) 
P, - sp<cific heat capacity coefficient 

43 Basis of the model 

43.1 Basic assumptions 

(34) 

The total surface area covered by the model is 162 km:. Production from Reykir and Reykjahlid 
was simulated by two wells, each with a flow rate representing the total production from the 
respective fields. The production rates are taken on a monthly basis in Vs from 1971 to 1989. For 
matching the calculated and measured water levels, observations from well MG-l (Reykir), SR-15, 
MG·28 (Reykjhlid) and S· l (Stardalur) are taken into account. 

432 Establishing the boundary conditions 

Boundary conditions for the distributed groundwater flow model are established, based on 
resistivity, temperature and water level measurements. The main cold waler recharge in the area 
comes from the south-southwest. According to the previous assumption, the southern boundary 
is established as a boundary with constant head conditions. The no-flow boundary is established 
in the west according to the water level measurements with no significant influence on the 
production in the Ellidaar geothermal field and the Mosfellssveit geothermal field. To the north 
of the area covered by the model, tighter formations (according to resistivity and gravity 
measurments) act as a no-flow boundary. To the east, a no-flow boundary is established at a 
distance of 10 km from the field (Figure 21). 

433 Initial parameter values 

The initial values for transmissivity and storage coefficient are taken from the results of well tests 
(Thorsteinsson, 1975). The range for transmissivity varies between 0.48 and 26 10.2 m1 Is, and for 
storage coefficient between 1.2 to 3.9 10-4. 

Anisotropy is determined by anisotropy angle and by the ratio between transmissivity in x (TxJ 
and y (T~ directions. Anisotropy angles are determined from geological mapping and gravity 
surveys. The initial ratio TufTyy is 10. 
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FIGURE 21: Boundary conditions of the model 

According to the small influences on temperature and chemical content from cold water recharge 
from above, the initial value for the leakage coefficient around the productive area is established 
as 1 10-12 S·l • 

4.4 Results of lbe distnbuted groundwater flow model 

The transmissivity, storage coefficient and anisotropy arc determined by matching observed and 
calculated reservoir responses. 

4.4.1 Transmissivity 

The transmissivity in the area covered by the model varies from 6 10-5 to 2.4 10-2 m l Is (Figure 
22). The low value for transmissivity is obtained along the southern flow boundary of the model 
which indicates continuous small cold water recharge from the south. This cold water recharge 
can be seen on the temperature curves and it appears below 1000 m. The transmissivity in 
productive areas is 2.5 10-2 (Reykir) and 2.1 10-2 m2/s (Reykjahlid) which is near to the values 
obtained by Tho!1iteinsson (1975). 
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FIGURE 22: Map of transmissivities 

FIGURE 23: Map of storage coefficients 
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J 
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St - Storage coefficient according to the value obtained by well testing 
Se - Storage coefficient according to long-term exploitation 

FIGURE 24: Changes in storage coefficient during exploitation 

4.4.2 Storage coefficient 

The obtained value for storage coefficient is very high if it is compared with the values calculated 
by well testing. In the productive areas, storage coefficient reaches a value of 0.12 in the Reykir 
geothermal field and 0.092 in the Reykjahlid geothermal field (Figure 23). 

A great difference between storage coefficient obtained by the distributed model and storage 
coefficient obtained through well testing (Thorsteinsson, 1975) is possible to explain with two 
different storage mechanisms which appear during the exploitation of the field. At the start of 
production, storage coefficient is controlled by compressibility of the water and deformability of 
the rocks with the characteristic value for the confined aquifers. Later production and spreading 
of the drawdown cone induces bigger recharge into the system and an increase of storage 
coefficient, now controlled by effective porosity. The storage coefficient obtained by Thorsteinsson 
could characterize short-term behaviour of the reservoir and it represents the area in the vicinity 
of tested wells. The storage coefficient obtained by the distributed model characterized the whole 
productive area with a value which reflects long-term behaviour of the reservoir. During 
utilization of the reservoir, the increase of the storage coefficient is present, mainly due to delayed 
yield and double porosity effects. The ratio between the storage coefficient obtained at the start 
and in later utilization of the field could be from 1 up to 50. Figure 24 shows possible changes 
in storage coefficient through time during exploitation of the field. 



f""j'T"=l JHD HSI> 2602 Mica 
L.:....t..J 90_ 10_06081/60 

r:-r::I ./HO HSI> 2602 Mica ru 9O.10.06lOTt00 

38 

FIGURE 25: Map of anisotropy angles 

FIGURE 26: Map of anisotropy SQRT T,/f" 
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FIGURE 27: Measured and calculated drawdown, Reykir 

According to the previous assumptions mentioned in Section 4.3.3, anisotropy angles are 
established and shown in Figure 25. A map of the obtained values for transmissivity ratio sqrt 
TWI'xx is shown in Figure 26. The initial value sqrt Tvlfxx was .35, but this value was shown to 
be very Iow, especially for the productive area. The obtained value from the model is near to 1 
in the vicinity of the wells, and spreads along the anisotropy angle to the northeast. 

4.4.4 Drawdown 

Relatively poor fit is obtained with the model if measured and calculated drawdowns are 
compared, especially if fluctuations of the drawdown are taken into account. Figures 27, 28 and 
29 show calculated and measured drawdowns for Reykir (SR 34,38 and 43), Reykjahlid (NR.15, 
MG·28), and Stardalur (S. l). 
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FIGURE 28: Measured and calculated drawdown, Reykjahlid 
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The model used is nol able to produce the sharp changes in the drawdown. This is mainly due to 
the same disadvantages of the base assumptions used for establishing the primary conditions of 
the model and some disadvantages of the AQUA programme. One disadvantage is that production 
from the fields is simulated with only two wells. So, with this assumption, changes in production 
for single wells are covered with the average production from the field. For Reykir field especially, 
production on a monthly basis has small changes which cannot induce fluctuations in the 
drawdown. Another reason for small fluctuations of the drawdown is that the obtained value for 
the storage coefficient is very high and represents long-term behaviour of the reservoir, thus 
neglecting the short-term elastic change and fluctuation of the drawdown. If the average value 
and trend in the lowering of the drawdown is taken into account, then the model gives satisfactory 
fit between measured and calculated drawdown and could represent long·term behaviour of the 
productive areas. 

After calibration, the model is used for calculations of the drawdown for the year 1990 and for 
future prediction of the drawdown for the year 2000. Results of the calculations are shown in 
Figures 30 and 31. The calculated drawdown for the year 1990 for productive areas is between 
90 and 100 rn, which is in the same range as values obtained by measurements. 

For future prediction, the same average production as in year 1989 is assumed for the next 11 
years (until year 2000). The obtained value for the drawdown in the productive areas will be 
between 130 and 140 m, with peaks of 145 m in the vicinity of the wells. This value is near to the 
value obtained by the lumped parameter model. 
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rJahlid 

FIGURE 30: Calculated drawdown for Mosfellssveit geothermal field, year 1990 
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FIGURE 31: Calculated drawdown for Mosfellssveit geothennal field, year 2000 
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CONCLUSIONS AND RECOMMENDATIONS 

In 1970 the free flow from the reservoir was 300 Us and had reached relatively steady-state 
conditions, meaning that the natural recharge to the system was about the same as the amount 
withdrawn (Sigurdsson et aI., 1985). The increase in production from 300 I/s in 1970 to 1200 I/s 
in 1989 has not induced recharge to the system to the same extenL 

From the trend of the measured and calculated curves for the water level obtained from lumped 
and distributed groundwater flow models, it is quite obvious that with present production no 
steady-state conditions in the reservoir can be reached until year 2000. So, the recharge in the 
system is much less than production for the present drawdown. 

Assuming production from the field for the next 11 years to be the same as in 1989, the 
drawdown will decline from 95 m in 1989 to 140 m in 2000, with the same tendency in the future. 

It is possible to reach relatively steady-state conditions with an average production rate of 500 Vs 
per year, which is little more than half the production of 1989. 

The geothermal reservoir shows two different storage mechanisms. At the start of production, the 
storage coefficient is controlled by the liquid/formation compressibility with characteristic values 
for the confined aquifers approximately 2.2 104 (Thorsteinsson, 1975). In later production, the 
storage coefficient is controlled by the mobility of the free surface with a value of 0.1, which is 
near to the effective porosity. 

A great amount of geological, geophysical, and geochemical data is available about the area where 
the geothermal field is situated, but the water level measurements cover only the field area, with 
the exception of observation well S-1 in Stardalur, which is 7 km to the northeast of the field. For 
more accurate numerical modelling of the field, it is necessary to cover areas outside the field with 
observations of water level and temperature measurements, in order to estimate a distribution of 
parameters which could be used for establishing a more accurate numerical model of the field. 
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NOMENCLATIJRE 

aL - longitudinal dispersivity (m) 
"'r - transversal dispersivity (m) 
A, - surface area, upper aquifer (m') 
A, - surface area, lower aquifer (m') 
b, - thickness, upper aquifer (m) 
b2 - thickness, lower aquifer (m) 
c - solute concentration (kg/m) ) 
Co - concentration of vertical inflow (kg/m' ) 
c,. - concentration of injected water (kg/m' ) 
C, - specific heat capacity of tbe liquid 
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C. - specific heat capacity of the porous media 
C, - constant (URF) (m) 
C, - constant (URF) (m) 
Dm - molecular diffusivity (m' Is) 
Du. - dispersion coefficient in x direction 
Dyy - dispersion coefficient in y direction 
E, - enthalpy of the inlet water 
Eo -entbalpy of the outlet water 
b - groundwater head (m) 
"" - constant potential (m) 
h, - potential, upper aquifer (m) 
b, - potential, lower aquifer (m) 
K, - permeability, upper aquitard (m/s) 
K, - permeability, lower aquitard (m/s) 
l<tt -distribution coefficient 
m, - thickness, upper aquitard (m) 
m2 - thickness, lower aquitard (m 
Pt - thermal power (MW) 
R - infiltration (mlyear) 
Rd - retardation coefficient 
s - storage coefficient 
51 - drawdown upper, aquifer (m) 
., - drawdown lower, aquaifer (m) 
SI - storage coefficient, upper aquifer 
S, - slOrage coefficien~ lower aquifer 
t - time (s) 
T - temperature (.C) 
To - temperature in vertical inflow (OC) 
T m - IOtal mass (kg/s) 
TB, - total enthalpy of the inlet water (KW) 
TEo - IOtal enthalpy of the inlet water (KW) 
Txx - transmissivity in x direction (mJ Is) 
'!Jy - transmissivity in y direction (m2 Is) 
1.1 - pumpinglinjection (m' Is) 
Q1 - pumping rate, upper aquifer (m 3 /s) 
Q, - pumping rate, lower aquifer (m' Is) 
V - velocity (m/s) 
Vc - specific volume (I/kg) 



Greek symbols: 

/31 - retardation coefficient 
/32 - specific heat capacity coefficient 
11 - parameter, (Kt/m} • At) 
Y2 - parameter, (14m2' AV 
", - decay constant, upper aquifer (s·') 
12 - decay constant, lower aquifer (5.1) 

PI - density ofthe liquid (kg/m' ) 
P. - density of the porous media (kg/m' ) 
<p • porosity 
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